. This review presents the 2003 update of the human gene map for physical performance and health-related fitness phenotypes. It is based on peer-reviewed papers published by the end of 2003 and includes association studies with candidate genes, genome-wide scans with polymorphic markers, and single-gene defects causing exercise intolerance to variable degrees. The genes and markers with evidence of association or linkage with a performance or fitness phenotype in sedentary or active people, in adaptation to acute exercise, or for training-induced changes are positioned on the genetic map of all autosomes and the X chromosome. Negative studies are reviewed but a gene or locus must be supported by at least one positive study before being inserted on the map. By the end of 2000, 29 loci were depicted on the first edition of the map. In contrast, the 2003 human gene map for physical performance and health-related phenotypes includes 109 autosomal gene entries and QTL, plus two on the X chromosome. Moreover, there are 15 mitochondrial genes in which sequence variants have been shown to influence relevant fitness and performance phenotypes. Key Words: CANDIDATE GENES, QUANTITATIVE TRAIT LOCI, LINKAGE, GENETIC VARIANTS, MITOCHONDRIAL GENOME, NUCLEAR GE-NOME T his paper constitutes the fourth installment in the series on the human gene map for performance and health-related fitness phenotypes published in this journal. It covers the peer-reviewed literature published by the end of December 2003. The search for relevant publications is primarily based on the journals in MEDLINE, the National Library of Medicine's publication database covering the fields of life sciences, biomedicine, and health, using a combination of key words (e.g., exercise, physical activity, training, genotype, polymorphism, mutation, linkage).
T his paper constitutes the fourth installment in the series on the human gene map for performance and health-related fitness phenotypes published in this journal. It covers the peer-reviewed literature published by the end of December 2003. The search for relevant publications is primarily based on the journals in MEDLINE, the National Library of Medicine's publication database covering the fields of life sciences, biomedicine, and health, using a combination of key words (e.g., exercise, physical activity, training, genotype, polymorphism, mutation, linkage).
Other sources include personal reprint collections of the authors and documents made available to us by colleagues who are publishing in this field. The electronic prepublications; that is, articles that are made available on the web site of a journal before being published in print, are not included in the review. The goal of the human gene map for fitness and performance is to review all genetic loci and markers shown to be related to physical performance or healthrelated fitness phenotypes in at least one study. Negative studies are briefly reviewed for a balanced presentation of the evidence. However, the nonsignificant results are not incorporated in the summary tables.
The physical performance phenotypes for which genetic data are available include cardiorespiratory endurance, elite endurance athlete status, muscle strength, other muscle performance traits, and exercise intolerance of variable degrees. Consistent with the previous reviews, the phenotypes of health-related fitness retained are grouped under the following categories: hemodynamic traits including exercise heart rate, blood pressure, and heart morphology; anthropometry and body composition; insulin and glucose metab-olism; and blood lipid, lipoprotein, and hemostatic factors. Here, we are not concerned by the effects of specific genes on these phenotypes unless the focus is on exercise, exercise training, athletes, or active people compared with controls or inactive individuals, or exercise intolerance. The studies incorporated in the review are fully referenced so that the interested reader can access the original papers. Of interest to some could be the early observations made on athletes, particularly Olympic athletes. The results of these casecontrol studies based on common red blood cell enzymes were essentially negative and are not reviewed in this edition of the map. The interested reader can consult the first installment of the gene map for a complete summary of these early reports (119) . (107) . We have also depicted in Figure 2 the gene loci in the mitochondrial DNA in which sequence variants have been shown to be associated with fitness and performance phenotypes. Table 1 provides a list of all genes or loci, cytogenic locations, and conventional symbols used in this review. Our goal is to make this publication a useful resource for those who have to teach the role of the inheritance on fitness and performance traits, and the impact of genetic variation among human beings. It is our hope that the yearly update of the fitness and performance gene map is found useful to the exercise scientists and the sports medicine community.
PERFORMANCE PHENOTYPES Endurance Phenotypes
Case-control studies. The case-control studies reporting statistically significant differences in allele and genotype frequencies between endurance athletes and sedentary controls are summarized in Table 2 . Yang and coworkers (181) investigated the frequency of a common nonsense mutation in the skeletal muscle alpha 3 actinin (ACTN3) gene in a cohort of 429 international class athletes representing 14 different sports and 436 unrelated controls. In 107 elite sprint and power athletes, they found a significantly lower frequency of the XX genotype (homozygotes for the stop-codon allele) as compared with the controls. In addition, they found the allele frequencies in sprint and endurance athletes deviating in opposite directions with significantly different values between the sprint and endurance groups for male and female athletes, respectively.
Cross-sectional association studies. Significant results from nine cross-sectional association studies with sequence variations in six different genes were published in 2003 (Table 3) . In 400 white subjects from the HERITAGE Family Study, an association was found between the rating of perceived exertion (RPE) during a submaximal-to-maximal exercise test and a C/T transition in the gene encoding the adenosine monophosphate deaminase (AMPD1). In the sedentary state, homozygotes for the rare T allele, which results in a truncated gene product, reported significantly higher RPE during steady-state submaximal exercise at 50 W than the C/C homozygotes and the C/T heterozygotes (129) . Franks et al. (33) investigated the associations between a Gly482Ser polymorphism of the peroxisome proliferative activated receptor gamma coactivator 1 alpha (PPARGC1A) gene and physical activity energy expenditure (PAEE) and V O 2max . PAEE was measured using a 4-d heart rate monitoring and individual resting and exercise oxygen consumption-heart rate relationship, whereas the V O 2max was predicted from the heart rate and oxygen consumption data measured during submaximal exercise test. Neither PAEE nor predicted V O 2max per se was associated with the PPARGC1A polymorphism. However, the correlation between PAEE and predicted V O 2max was stronger among the Ser482Ser homozygotes than in the carriers of the 482Gly allele.
Prior and coworkers (111) screened the hypoxia-inducible factor 1alpha (HIF1A) gene for DNA sequence variations and investigated the associations between V O 2max and the HIF1A polymorphisms. One of the novel polymorphisms, an A/T transversion on the 5'-untranslated region of the gene, was associated with V O 2max in African-American subjects (marker was not polymorphic in whites): carriers of the T allele showed lower V O 2max values than the A/A homozygotes. A total of five studies investigated the angiotensin-converting enzyme (ACE) insertion(I)/deletion(D) polymorphism in cross-sectional studies. Kanazawa and coworkers (61, 62) found an association between postexercise lactate values in chronic obstructive pulmonary disease (COPD) patients, with the lowest lactate levels observed in the I/I subjects. Associations between the ACE I/D poly- 
* Mitochondrial DNA; V O 2max , maximal oxygen uptake; V E/V CO 2 , ratio of ventilation to carbon dioxide consumption; W max , maximal power output; a-vDo 2 , arterious-venous oxygen difference; PM, postmenopausal; HF, heart failure; MZ, monozygous; DZ, dizygous; CAD, coronary artery disease; CF, cystic fibrosis; exercise efficiency, decrease in oxygen consumption on given workloads; PAOD, peripheral arterial occlusive disease; V E, ventilation; RPE, rating of perceived exertion; PWC, physical working capacity; FEV, forced expiratory volume.
morphism and cardiorespiratory fitness phenotypes measured in normoxic and hypoxic conditions were investigated in healthy, young adults. The ACE I/D genotype was not associated with oxygen consumption at maximal or submaximal exercise. However, hypoxia-induced rise in minute ventilation during submaximal exercise was greater in the I/I homozygotes than in the heterozygotes and the D/D homozygotes (106) . In a study with 67 Chinese males, the D allele of the ACE I/D polymorphism was associated with higher levels of V O 2max (183) . The ACE I/D genotype was not associated with V O 2max and several other measurements of exercise capacity in patients with ischemic chronic heart failure (2).
A G/C polymorphism in the promoter region (Ϫ174 bp) of the interleukin-6 (IL6) gene was associated with maximal physical working capacity in a large cohort of young, healthy, male smokers. The C/C homozygotes showed significantly lower PWC max than the heterozygotes and the G allele homozygotes. Among the nonsmokers PWC max was almost identical across the IL6 genotypes, suggesting that smoking status may modify the association between maximal physical working capacity and the IL6 genotype (104) . Exercise-induced decrease in FEV 1 was associated with a polymorphism in the secretoglobin, family 1A, member 1 gene (SCGB1A1, a.k.a. uteroglobin) in allergic, asthmatic children (145) .
No association was seen between endothelial nitric oxide synthase (NOS3) T-786C genotype and V O 2max in trained and untrained females (25) . In a small cohort of obese women, V O 2max did not differ between the Glu27Glu and Gln27Gln homozygotes of the beta2-adrenergic receptor (ADRB2) gene (82) . A loss-of-function polymorphism of the presynaptic alpha 2C -adrenergic receptor (ADRA2C) was investigated in 39 patients with idiopathic dilated cardiomyopathy. There was no significant difference between carriers and noncarriers of the 4 amino-acid deletion in the ADRA2C gene, when compared for V O 2max or maximum exercise time in an exercise test (41) .
Association studies with training response phenotypes. Association between the AMPD1 C34T genotype and changes in V O 2max before and after a 20-wk controlled endurance-training program was investigated in 400 white subjects of the HERITAGE Family Study. Endurance training-induced increase in oxygen uptake, ventilation, and carbon dioxide production at maximal exercise were significantly lower in T/T homozygotes of the AMPD1 gene polymorphism as compared with C/T and C/C genotypes (129) . After 24 wk of aerobic exercise training, an age-by-HIF1A P582S genotype interaction was observed on V O 2max training response in Caucasian subjects, with the carriers of the 582S allele showing significantly lower V O 2max changes than the P582P homozygotes in the age groups of 60 and 65 yr. However, the V O 2max training responses did not differ between the genotypes in 55-yr-old subjects. The authors concluded that the tested HIF1A polymorphism is associated with V O 2max before and after aerobic exercise training in older humans (111) . The same group reported no association between V O 2max response to 24 wk of supervised endurance training and an endothelial lipase gene (LIPG) polymorphism in 83 subjects (51). Frederiksen and coworkers (34) investigated the effects of exercise training on physical functioning and cardiorespiratory fitness in elderly Danes. V O 2max improved significantly in the training group as compared to the controls, however the training responses were not associated with the ACE I/D polymorphism.
Linkage studies. Linkage studies dealing with endurance phenotypes are summarized in Table 4 . No new linkage studies on performance-related phenotypes were published in 2003.
Muscle Strength Phenotypes
The studies reporting associations between strength or anaerobic performance phenotypes with different candidate genes are summarized in Table 5 . In 2003, four studies reported data related to strength phenotypes. In the Baltimore Longitudinal Study on Aging cohort, a C174T polymorphism in the ciliary neurotrophic factor receptor (CNTFR) gene was associated with age, race, height, and physical activity-adjusted eccentric slow-and fast-velocity knee extensor peak torque both in men and in women. Carriers of the 174T allele also had a greater nonosseous total and lower limb fat-free mass as compared with the C174C homozygotes. Consequently, the associations between the CNTFR genotype and knee extensor peak torque phenotypes disappeared after further adjustment for fat-free mass, suggesting that the genotype-related differences in lower-limb strength were explained by the differences in muscle mass (135) . Frederiksen and coworkers (35) found 
HEALTH-RELATED FITNESS PHENOTYPES Hemodynamic Phenotypes
Acute exercise. During 2003, two studies reported significant associations between hemodynamic traits measured during acute exercise and candidate gene polymorphisms (Table 6 ). Kanazawa and coworkers (61, 62) reported two studies on the associations between pulmonary hemodynamics during exercise and the ACE I/D polymorphism in patients with COPD. One study investigated the effects of ACE inhibitor captopril on pulmonary arterial pressure and pulmonary vascular resistance (61) , whereas the other study addressed the impact of supplementary oxygen administration on the same traits (62) . In both reports, the D/D homozygotes showed significantly higher pulmonary artery pressure and pulmonary vascular resistance after acute exercise than patients with one or two copies of the I allele. The ACE I/D polymorphism was not associated with maximal exercise heart rate in patients with chronic ischemic heart failure (2).
In the HERITAGE Family Study cohort, a C/T transition at nucleotide ϩ34 of the AMPD1 gene was associated with maximal exercise systolic blood pressure and heart rate. The TT homozygotes showed significantly lower maximal SBP and HR than the heterozygotes and the CC homozygotes (129) . The Arg389Gly polymorphism of the beta-1 adrenergic receptor gene (ADRB1) was not associated with heart rate or blood pressure responses to submaximal exercise (149) . Likewise, blood pressure and heart rate during two submaximal exercise intensities did not differ among the angiotensinogen (AGT) M235T genotypes in a large cohort of healthy German Air Force pilots (103) .
Gene-physical activity interactions. The number of studies addressing the question of genotype-fitness and genotype-physical activity interactions on health-related fitness phenotypes has increased, and in 2003, two studies were published dealing with hemodynamic phenotypes (Table 6). Data and coworkers (25) measured resting heart rate and blood pressures as well as forearm blood flow before and after arm arterial occlusion in healthy sedentary and endurance-trained women. Statistically significant interactions were observed between physical activity status and the NOS3 T-786C polymorphism on baseline forearm blood flow (FBF; P ϭ 0.03 for interaction) and forearm vascular resistance (FVR; P ϭ 0.0003 for interaction). Among the sedentary women, the carriers of the Ϫ786C allele had lower baseline FBF and higher FVR as compared with the TT homozygotes, whereas in physically active women the TT homozygotes showed lower FBF and higher FVR (25) .
In a cohort of 832 healthy middle-aged Japanese subjects, Kimura et al. (68) reported a significant interaction (P ϭ 0.0062) between physical activity status and a 27-bp variable tandem repeat polymorphism located in the intron 4 of the NOS3 gene on resting SBP. Carriers of an allele representing four repeats showed 8.9 mm Hg higher resting SBP than the homozygotes for a 5-repeat allele among the sedentary subjects, whereas no differences were observed between the NOS3 genotypes in the physically active subjects.
Training response. The effects of exercise training on acetylcholine-induced changes in average peak velocity (APV) of coronary or mammary arteries was investigated in 67 patients with coronary artery disease ( Table 7) . Exercise training improved significantly APV. However, the training response was significantly blunted in the carriers of the NOS3 Ϫ786C allele as compared to the patients who were homozygotes for the Ϫ786T allele (30) . In the HERITAGE Family Study, training-induced changes in maximal exercise diastolic blood pressure was associated with the AMPD1 C34T polymorphism: the CC homozygotes showed a greater reduction in maximal DBP than the TT homozygotes (129) . Resting blood pressure responses to endurance training did not differ between the PPARG Pro12Ala genotypes in healthy Japanese males (57) .
Linkage studies. In 2003, the first follow-up study of a quantitative trait locus (QTL) from the HERITAGE Family Study was published (120) . A QTL for submaximal exercise stroke volume and cardiac output training responses on chromosome 2q31-q32 was investigated further by dense microsatellite mapping ( Table 8 ). The evidence of linkage was greatly enhanced with additional markers and the maximum linkage was detected with markers in or near the gene encoding titin (TTN). Transmission disequilibrium test with the same dense microsatellite marker set provided evidence of association with one of the markers in the TTN gene (120) .
Exercise and familial cardiac arrhythmias. No new genes or mutations were reported in 2003.
Anthropometry and Body Composition Phenotypes
Association studies. A total of five studies reported associations between candidate genes and phenotypes related to anthropometry and/or body composition in 2003 (Table 9 ). All these studies were intervention studies that include exercise as a modality of the intervention; two of these studies dealt with bone-related phenotypes.
The first study related to bone phenotypes investigated the relationship between a G-174C polymorphism in the promotor of the IL6 gene and exercise-induced femoral cortical bone resorption in 130 young (19.5 Ϯ 0.2 yr) male army recruits (28) . The subjects underwent a 10-wk exercise-training program comprising a mixture of upper-and lower-body strength-endurance exercise of graded workload. Exercise-induced changes in proximal right femoral cross-sectional cortical area, after adjustment for pretraining values, were strongly genotype-dependent with the GG homozygotes losing 6.8% cortical area, GC gaining 5.5% and CC gaining 17.3% (P ϭ 0.007 for linear trend). These genotype-mediated changes persisted throughout the different scans of the femur but were less important in the distal area. The authors concluded that the IL6 gene was an important regulator of the bone remodeling in humans (28) .
The second study investigated associations between polymorphisms of the androgen receptor (AR), CYP19A1 and estrogen receptor 1 (ESR1) genes and bone mineral density (BMD) measured in 140 middle-aged Finnish men participating in a 4-yr randomized controlled exercise intervention trial (126) . The men in the intervention group (N ϭ 70) were prescribed aerobic exercise, 45-60 min per session, five times a week, whereas the men in the reference group were advised to make their personal choice as to whether or not engage in physical exercise. The lumbar spine BMD values were significantly different among the ESR1 genotypes in the exercise group (P ϭ 0.007), with no significant changes observed in subjects homozygotes (pp) for the mutation (two copies of the PvuII restriction site), whereas increases of 6% and 5%, were observed in subjects with the PP and Pp genotypes, respectively. There were no associations between the AR and CYP19A1 polymorphisms and the BMD responses to the intervention (126) . Three studies reported associations between candidate genes and body fat phenotypes in response to exercise. The effects of the Arg16Gly and Gln27Glu polymorphisms of the ADRB2 gene on various adiposity phenotypes in response to a 20-wk endurance training program was investigated in 482 white and 260 black subjects of the HERI-TAGE Family Study (39) . Associations with the two ADRB2 polymorphisms were tested separately in each of the four race-by-gender groups. No evidence of association with any of the response phenotypes was observed in black subjects. However, endurance training resulted in greater reductions of BMI (P ϭ 0.04), fat mass (P ϭ 0.0008), and percent body fat (P ϭ 0.0003) in white women with the Arg16Arg genotype compared to the Gly16Gly women. The Arg16Gly polymorphism was also associated with changes in subcutaneous fat (P ϭ 0.03) in white men. Moreover, obese men (BMI Ն 30 kg·m Ϫ2 ) with the Glu27Glu genotype lost, on average, greater amount (P ϭ 0.01) of body fat (Ϫ2.79 kg) than obese men with the Gln27Gln genotype (ϩ0.19 kg) (39) .
A second study investigated the impact of the Trp64Arg polymorphism of the ADRB3 gene on obesity-related phenotypes in response to a 3-month behavioral intervention using a combination of diet and exercise programs (148) . A total of 76 middle-aged (54.3 Ϯ 7.9 yr) women with an average BMI of 24.5 Ϯ 2.1 kg·m Ϫ2 underwent a 3-month behavioral weight-loss program including diet, exercise and supportive group therapy. Daily physical activity level was monitored throughout the program using pedometers. The intervention resulted in a significant increase of 52% in the number of steps per day as well as in a significant reduction of body weight, BMI, and waist circumference. However, there were significant differences in the response to the intervention between carriers and noncarriers of the ADRB3 Arg64 allele. The intervention yielded to a reduction of body weight in 48% of the women carrying the Arg64 allele as compared with 69% for the noncarrier women. Changes in body weight (P ϭ 0.001), BMI (P ϭ 0.002), and waist circumference (P ϭ 0.02) were significant only in wild type (Trp64Trp) women. Multiple regression analyses revealed that the Trp64Arg ADRB3 polymorphism was associated with weight loss independently of changes in energy intake and changes in the number steps only in wild type women. The authors concluded that the Trp64Arg mutation of the ADRB3 gene is associated with difficulty in losing weight through behavioral intervention (148) . The third study was aimed at investigating the impact of a polymorphism in the phenylethanolamine N-methyltransferase (PNMT) gene on weight loss induced by a combination of pharmacological treatment (sibutramine) and monthly health-education classes (108) . The PNMT gene encodes the rate-limiting enzyme of the conversion of norepinephrine to epinephrine and is thus considered as a candidate gene of sibutramine-induced weight loss because this drug acts as an inhibitor of the reuptake of norepinephrine in the neurons. In that study, 149 obese women participated in a 6-month weight loss trial that included daily intake of a dose of 15 mg of sibutramine and a monthly 1-h behavior modification seminar that encouraged participants to eat low-fat foods, increase the consumption of vegetables and fruits, and to exercise daily. Estimates of physical activity were obtained from self-reported daily activity records. A G to A transition in the promotor (position Ϫ148) of the PNMT gene was genotyped and tested for association with the response to the intervention. A comparison of the genetic distribution of the G-148A PNMT genotypes between subjects categorized into tertitles of percentage weight loss revealed a significant (P Ͻ 0.002) association with greater weight loss in the A/A and G/G homozygotes as compared to the heterozygote G/A subjects. A regression model that included PNMT homozygosity versus heterozygosity and dietary and physical activity variables revealed that the PNMT gene, in addition to total caloric, fat, and fiber intakes, was a significant predictor of percentage of weight loss at 6 months.
Linkage studies. The results from linkage studies are shown in Table 10 . There were no linkage studies pertaining to the response of body composition phenotypes to exercise that were published in 2003.
Insulin and Glucose Metabolism Phenotypes. Table 11 presents the results for insulin and glucose metabolism phenotypes. A new table describing results from these phenotypes was added in this year's version of the map as there are now six studies that have reported associations with insulin or glucose metabolism phenotypes. Three were described in the previous maps (27, 58, 137) and three new studies were published in 2003. In one of these new studies, the Gln27Glu ADRB2 polymorphism was tested for its potential impact on the metabolic response of obese women submitted to a peak oxygen consumption test on treadmill (82) . In that study, 10 obese women with the Gln27Gln genotype were compared with 9 obese women with the Glu27Glu genotype matched by age, BMI, percent body fat, and waist circumference. These women were submitted to a maximal multistage exercise treadmill test, and blood samples were collected through a venous catheter at baseline, during the maximal effort and 5 min after completion of the test for measurements of glycerol, triglycerides, glucose, and insulin levels. Results revealed that women with the Glu27Glu genotype had lower plasma glycerol (P ϭ 0.03), higher plasma triglycerides (P Ͻ 0.001), and higher values of the insulin to glucose ratio (P ϭ 0.046) than the Gln27Gln women. Lipid oxidation during the recovery period was also found to be lower in the Glu27Glu women compared with the other group of women. These results suggest that obese women with the Glu27Glu genotype are less prone to utilize fat during exercise, which could be associated with reduced insulin sensitivity.
In a second study, the Pro12Ala polymorphism in the PPARG gene was investigated for its effects on insulin resistance in response to exercise in 123 healthy Japanese men aged 21-69 yr (57). The exercise program was designed to attain a physical activity level of 700 kcal·wk Ϫ1 and consisted mainly of brisk walking at an individual intensity of 50% of maximal heart rate, 20 -60 min·d Ϫ1 , and two to three times per week for a period of 3 months. Several clinical and metabolic characteristics, including fasting plasma glucose and insulin levels, were measured before and after the exercise program. Although there were no associations with the clinical and metabolic characteristics at baseline, the Pro12Ala PPARG polymorphism was significantly associated with changes in fasting insulin (P ϭ 0.02) and the HOMA insulin resistance index (P ϭ 0.05), with improvements in insulin resistance in the heterozygotes (N ϭ 6) compared with the homozygotes for the Pro allele (N ϭ 117). Finally, the third study investigated the impact of a common vitamin D receptor (VDR) gene polymorphism (BsmI) on fasting serum glucose levels in 1539 active aircrew members of the armed forces (102) . The BsmI VDR gene polymorphism was considered because vitamin D modulates insulin receptor gene expression and because of previous associations reported between this polymorphism and Type 2 diabetes. Physical activity was assessed based on the average time per week spent on sports activity over the year, and subjects were categorized into low (Յ3 h) and high (Ͼ3 h) physical activity groups. The authors found that subjects of the low physical activity group with the BB genotype had higher levels of fasting glucose (5.61 Ϯ 0.49 mmol·L Ϫ1 ) than subjects with the Bb (5.44 Ϯ 0.44 mmol·L Ϫ1 ) or bb (5.38 Ϯ 0.44 mmol·L Ϫ1 ) genotypes (P Ͻ 0.001). This association was not observed in subjects within the high physical activity group. The results suggest that the BsmI VDR polymorphism is associated with the control of glucose homeostasis in young men with low physical activity level (102) .
The first genome-wide linkage scan for endurance training-induced changes in fasting plasma insulin levels was published in 2003 (76) . The strongest evidence of linkage was detected on chromosome 7q31 near the leptin (LEP) gene locus in White HERITAGE Families (Table 12) . Suggestive evidence of linkage was also observed on chromosomes 2q31, 7q21 and 11q13 in whites and on chromosome 15p11 in blacks (76) .
Blood Lipid, Lipoprotein, and Hemostatic Factor Phenotypes. Six new studies were published in 2003 related to DNA sequence variation in candidate genes, physical activity, and blood lipids and lipoproteins (Table 13 ). The acute effect of maximal treadmill exercise on fat oxidation, determined by indirect calorimetry, was measured in obese women with regard to the Gln27Glu polymorphism of the ADRB2 gene (82) . Compared with the Gln27Gln group, the Glu27Glu homozygotes showed higher plasma triglyceride levels before, during, and after exercise, as well as a significantly lower fat oxidation during the recovery period.
Pisciotta and coworkers (109) investigated associations between apolipoprotein E (APOE), fatty acid binding protein 2 (FABP2), apolipoprotein A-II (APOA2), and LIPC gene polymorphisms and cardiovascular risk factors in sedentary and physically active middle-aged men. APOE genotype was associated with low-density lipoprotein (LDL)-cholesterol and apolipoprotein B levels both in the sedentary and active group. However, elevated LDL-C and apoB levels associated with the APOE epsilon 4 allele were seen only in the sedentary men, whereas in the physically active men the epsilon 2 allele was associated with lower LDL-C and apoB levels. Similarly, plasma triglyceride levels were associated with the APOA2 genotype in sedentary but not in the physically active men. Finally, the homozygotes for the LIPC Ϫ250A allele showed higher plasma high-density lipoprotein (HDL)-cholesterol and apolipoprotein A-I levels than the other genotypes in the active group but not in the sedentary subjects (109) . No interactions were detected between physical activity and CETP and APOE genotypes on plasma lipid and lipoprotein levels in a large cohort of men and women from Switzerland (9) and in postmenopausal women representing different levels of physical activity (50), respectively. Endurance training-induced changes in plasma HDL cholesterol levels were associated with the LIPG genotype. The C/C homozygotes showed a greater HDL training response than the T allele carriers (51) . In middle-aged Japanese men, changes in plasma total and HDL-cholesterol and triglyceride levels brought about by a 3-month exercise-training program did not differ between the PPARG Pro12Ala genotypes (57) .
Chronic Diseases. The previous three updates of the Human Fitness Gene Map have summarized the available information on several risk factors for chronic diseases. In 2003, the first studies were published on the genotypephysical activity interactions on the actual risk of chronic diseases.
In the San Luis Valley Diabetes Study, 397 Hispanics and 569 non-Hispanic Whites were followed for 14 yr. During the follow-up, 91 coronary heart disease (CHD) events were recorded. The frequency of the T/T genotype of the LIPC C-480T polymorphism was higher among the CHD cases, and the CHD-free survival during the follow-up among the T/T homozygotes was significantly worse than in the C/C homozygotes and the C/T heterozygotes. A multivariate analysis revealed a significant interaction between the LIPC C-480T genotype and physical activity level on the CHD risk. The increased CHD risk associated with the T/T genotype was observed in the sedentary or moderately active subjects but not in subjects who participated in vigorous physical activities (54). A lifestyle intervention utilizing both dietary and physical activity programs resulted in a significant reduction in the incidence of diabetes in middle-aged, overweight subjects with impaired glucose tolerance (164) . A G-308A polymorphism of the tumor necrosis factor (TNF) gene was significantly associated with the risk of developing Type 2 diabetes during the follow-up. Carriers of the Ϫ308A allele showed 1.8 times greater risk than the G/G homozygotes. Interestingly, the lower diabetes risk associated with the G/G genotype was seen only in the lifestyle intervention group: the incidence of Type 2 diabetes was 5.0% and 18.2% in the GG homozygotes and the A allele carriers (odds ratio 4.22), respectively, whereas the corresponding values in the control group were 20.8% and 22.7% (72) .
King and coworkers (69) investigated the risk of breast and ovarian cancer associated with the mutations in the BRCA1 and BRCA2 genes in Ashkenazi Jewish women. Although mutations in both genes significantly increase the risk of breast cancer, the results suggested that physical activity and body weight might modify the penetrance of the disease. Mutation carriers who were physically active as teenagers were diagnosed with breast cancer significantly later in life (i.e., older age of onset) than did those who were sedentary (69) .
Exercise Intolerance. In 2003, four studies related to exercise intolerance were published (Table 14) . These included one study reporting a new gene for exercise intolerance, two studies showing new causal mutations in already known intolerance gene, and one study reporting associations between physical performance related candidate genes and severity of the symptoms in McArdle's disease patients.
Grafakou and coworkers (43) identified a mutation in the mitochondrial serine transfer RNA (MTTS1) in a 13-yr-old girl with nonfamilial exercise intolerance. A G/A transition at position 7497 in the MTTS1 gene was found in mitochondrial DNA isolated from patient's skeletal muscle, where it appeared to be homoplasmic. The mutation was not found in 200 healthy controls (43) . Two new nonsense mutations in the mitochondrial cytochrome b (MTCYB) gene were reported in patients exhibiting exercise intolerance (17, 84) . A G15170A mutation was detected in a 40-yr-old woman with progressive exercise intolerance. The mutation induces a premature stop codon at amino acid position 142 leading to a loss of 238 amino acids of the protein (17) . In a 19-yr-old woman with life-long exercise intolerance, a novel G15761A mutation resulting in a stop codon at amino acid position 339 was detected (84) . Both MTCYB mutations were very abundant in patients' skeletal muscle but undetectable in other tissues investigated (17, 84) . Martinuzzi and coworkers (86) investigated whether common DNA sequence variants in the AMPD1 and ACE genes are associated with the severity of symptoms in 47 patients with McArdle's disease. The patients were divided in four categories based on the extent of their symptoms, ranging from mild exercise intolerance to severe limitations in exercise capacity and daily life activities. The genotype frequencies of the AMPD1 C34T polymorphism did not differ between the symptom categories. However, frequency of the ACE D allele was significantly higher among the patients with more severe symptoms. All ten ACE D/D homozygote patients were either in the most severe or the second most severe symptom category. The authors put forward a hypothesis that ACE activity could be one factor contributing to the heterogeneity of the symptoms in the McArdle's disease patients (86) .
SUMMARY AND CONCLUSIONS
This review provides a compendium of all genes and markers that have been associated with performance and health-related fitness phenotypes in scientific papers published by the end of 2003. Even those who know little about molecular biology realize that exciting advances have been made in the understanding of the molecular and cellular regulation of the adaptation to activity and inactivity in the last decade. Although we have a long way to go, we are beginning to understand which genes and pathways are contributing to the response of various tissues and organs to acute or repeated exposures to exercise or muscle contractions. These studies are of paramount importance if we are to understand the true biological determinants of physical performance and of the role of regular exercise in disease prevention or of physical inactivity in common chronic diseases and premature death.
In contrast, little progress has been made with respect to the genetic basis of human variation in performance and health-related fitness. Indeed the biological basis of human individuality is a very different topic that has received only very limited attention to date. The current stagnation on the genetic front needs to benefit from the advances that are taking place in the molecular and cellular biology of exercise. The focus of these yearly reviews is on the genetic basis of human individuality for relevant traits and biological properties.
The 2003 map includes 109 autosomal entries, 2 X chromosome assignments, and 15 mt DNA markers. There are 19 nuclear genome markers more than in 2002. Given the complexity of the performance and health-related fitness phenotypes, it should be obvious that we have a long way to go before we have a satisfactory understanding of the role of genetic inheritance on exercise related traits and in the adaptation to a physically active lifestyle. As in previous years, we are forced to conclude that advances in this field are registered at a very modest pace. 
